vide mechanistic insights into the coordination of ATP of ATP hydrolysis, as demonstrated by thin layer chromatography of radiolabeled MCM hydrolysis products hydrolysis with downstream function.
In this study, we demonstrate that the MCM hetero-(data not shown). A graph of the initial ATP hydrolysis rate as a function of substrate concentration from 1 hexameric complex of S. cerevisiae is an ATPase, and we study this activity to unify the apparent disparities nM to 20 mM significantly deviates from a canonical hyperbolic Michalis-Menton rate curve ( Figure 1B) . Kibetween prior in vitro and in vivo results. We show that the MCM ATPase activity depends upon coordinate innetic parameters can be better estimated using an Eadie-Hofstee plot; enzymes containing a single active site teractions among all six subunits. In addition, further mutational and biochemical analysis reveals that Mcm4/ that obeys Michaelis-Menton kinetics yield a straight line on an Eadie-Hofstee plot, with the Vmax corre-6/7p is responsible for most or all of the ATP hydrolysis, whereas Mcm2/3/5p serves a regulatory role. Physical sponding to the Y intercept and the apparent K m corresponding to the negative slope. Replotting the data from interactions between specific members of these two subgroups are required for efficient ATPase activity and Figure 1B in this manner generates a concave plot that can be rationalized as a composite of three simple reacprovide insights into the architecture of the complex. The intricate allosteric regulation of the MCM complex tion rates (gray lines in Figure 1C ). We define these as the high (K m ϭ 85 Ϯ 10 M; Vmax ϭ 33 Ϯ 5 pmol ADP/ has precedence in the better studied F1-ATPase, and we discuss the implications that this similarity has for min/g), medium ( 
Hydrolysis Modes
Competition experiments utilizing 10-and 100-fold Genetic analysis of the S. pombe MCM complex and excesses of various unlabeled ribo-and deoxyribonubiochemical analysis of the mouse MCM complex indicleotide substrates established adenosine nucleotides cate that conserved residues within the Walker A motif as the preferred substrates of the MCM complex (data of these proteins are essential (Forsburg et al., 1997; not shown; Figure 1C ). The ␤-phosphate was critical for You et al., 1999) . To study the role of ATP hydrolysis in substrate binding, since diphosphates, but not monothe MCM complex, the six S. cerevisiae MCM proteins phosphates, competed nearly as well as the correwere epitope tagged and coexpressed in insect cells sponding adenosine triphosphates. The nonhydrolyz-(Experimental Procedures). These epitope tags affect able analog ATP␥S (hydrolysis less than 2% relative to neither in vivo viability (Table 1) 
nor in vitro ATPase
ATP; data not shown) competed well, whereas AMPactivity or complex stability (Experimental Procedures, PMP (adenylyl-imidodiphosphate) did not compete. Inbelow).
terestingly both dATP and ␣S-dATP competed more The six component subunits copurify through metal efficiently than ATP. Both deoxy-analogs are hychelate, gel filtration, and ion exchange chromatography drolyzed, although at a lower rate than ATP (dATP, ‫-2ف‬ to near homogeneity as a heterohexamer. Gel filtration fold lower;
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S-␣dATP, ‫-01ف‬fold lower; data not shown). analysis of several purified preparations demonstrated coelution of all six MCM subunits with an associated ATPase activity ( Figure 1A ). This peak corresponds to All Six MCM Subunits Are Required for Significant ATPase Activity a Stokes radius of approximately 90 Å ; a globular protein of this size has a predicted molecular weight of ‫008ف‬
To assess the relative contribution of each MCM subunit to the ATPase activity of the intact complex, we made kDa, somewhat larger than that predicted for the heterohexameric MCM complex ‫516ف(‬ kDa). The presence of mutations in the Walker A motif of each subunit (Table  1) . The universally conserved lysine in this motif (Neuthe six individual subunits was confirmed by their relative molecular weights and by immunoblot analysis (Exwald et al., 1999) was specifically changed to either alanine or threonine. These mutant subunits were experimental Procedures). Since Mcm2p, 4p, and 7p comigrate during SDS-PAGE analysis ( Figure 1C, right panel) , pressed in the context of otherwise wild-type subunits; such heterohexameric complexes will be referred to the relative stoichiometry of these subunits was further ascertained by creation of an MCM complex in which by MCM followed by the mutant subunit(s) (i.e., a "MCM2K→A" preparation is a heterohexamer conMcm2p and Mcm4p were shifted to unique molecular weights by N-terminal fusion to maltose binding protein taining the Mcm2K→Ap mutant subunit in the company of the five other wild-type subunits). Gel filtration analy-(Mcm2p) and glutathionine S-transferase (Mcm4p) (Figure 1C, right panel) . This modified MCM complex purises of both the MCM3K→A and MCM6K→A preparations indicate that both the MCM complex and the residfied identically to the unmodified complex. SDS-PAGE analysis of this preparation visually demonstrated that ual ATPase activity coelute at the same position as the wild-type complex (Figure 2A ). our MCM preparations contain all six MCM subunits in similar stoichiometries. Taken together, these data are MCM complexes containing a single mutant subunit reduced ATP hydrolysis by 6-20-fold ( Figure 2B Figure 2B ). These results are consis- Figures 3A and 3B ). Several mutations in the Walker B motif were also tested; however, they lacked discernible tent with the hypothesis that the residual activity of the single-mutant complexes emanates from a single, wildphenotypes and were not pursued further (Table 1 In summary, the ATP binding motif of each MCM subunit was essential for viability and required for normal DNA replication. Combined with our biochemical results, these genetic experiments indicate that ATP hydrolysis by the MCM complex was required during S phase. Interestingly, the mcm4, 6, and 7 K to A alleles exhibited stronger dominant-lethal defects than the mcm2, 3, and 5 K to A alleles, suggesting a functional distinction between these two groups of subunits.
The MCM Subunits Form Two Catalytically Distinct Groups
To test models that might explain the reduced ATPase activity observed in the single-mutant complexes, all possible double-mutant complexes were made and assayed for ATP hydrolysis (Figure 4 ). The corresponding preparations purify identically to the wild-type complexes; both the MCM complex and the residual ATPase activity coeluted at the wild-type position during analytical gel filtration. However, in a few cases (i.e., doublemutant preparation MCM3/5K→A), a small additional peak of activity and MCM protein was present at a lower the wild-type complex ( Figure 4D ). These results, combined with the double-mutant data, indicated that the Walker A motif in Mcm2p, 3p, and 5p contributed little to ATP hydrolysis in the wild-type complex. In contrast to the MCM2/3/5K→A complex, the structurally stable MCM4/6/7K→A complex had nearly undetectable levels of ATP hydrolysis that were lower than any of the corresponding double mutants and similar to the MCM sextuple mutant (6ϫ; Figure 4D, Figure 5A , inset). Sub- Analysis of this mixture by gel filtration indicates that the corresponding ATPase activity was spread over most of the eluted volume, with a peak of activity at approxiMcm4p, 6p, and 7p ( Figure 4D, inset) . The MCM2/3/ 5K→A complex was structurally more fragile than the mately tetramer size (data not shown). While they did not reconstitute a normal hexamer, these results demonwild-type complex. Analytical gel filtration yielded two peaks of ATPase activity: one at the usual hexamer strated that some constituents of both subassemblies functionally interact to promote ATP hydrolysis. position and a second at a lower molecular weight position ( Figure 4D ). Despite this instability, the strong activWe next examined whether ATPase activity could be reconstituted from isolated subunits. We found Mcm3p, ity of the hexameric species suggests that the recovery of ATPase activity in the triple mutant was not primarily mutant complexes demonstrated that ATP hydrolysis within the MCM complex depends upon coordinate interactions among all six subunits. Mutational analysis identifies two functionally distinct MCM subgroups: Mcm4/6/7p contributes Walker A motifs specifically involved in ATP hydrolysis, whereas the analogous motifs of Mcm2/3/5p regulate this activity. Reconstitution experiments indicate that specific subunits from each subgroup interact to stimulate ATP hydrolysis. These findings limit the potential structural relationships among the six subunits. These observations can be explained in one of two ways. In one scenario, our results could reflect differences in oligomerization and subunit content between the wild-type and various mutant preparations. Alternatively, our mutational analysis could indicate specific catalytic or regulatory differences in an otherwise structurally intact complex. Although our preparations do have some variability in subunit stoichiometries, a number of lines of evidence argue against the first possibility: (1) Walker A mutations in any individual subunit crippled an otherwise wild-type complex, indicating the active presence of all six subunits in these preparations; (2) all six-subunit preparations purified identically through three columns and eluted at the same high-molecular size during gel filtration; (3) all subunits were present in the hexameric complex as demonstrated by either direct visualization (Figures 1, 2, 4, and 5) or by Western blot analysis using subunit-specific antibodies (data not shown); and (4) our key conclusions were independently supported by reconstitution experiments using known amounts of purified subunit(s). Although we can not conclusively rule out the former possibility, our results are most easily and consistently accommodated by postulating the creation of specific catalytic or regulatory defects. We propose that the Walker A boxes on Mcm4/ 6/7p are involved with ATP hydrolysis, whereas the analogous sites on Mcm2/3/5p are involved in regulating this activity. The complex interdependencies between 
MCM Functional Organization

MCM ATP Hydrolysis and Allosteric Regulation
The MCM hexamer shares many unexpected parallels to the highly studied F1-ATPase ( Figure 6B ). In addition to previously discussed features, several kinetic features of the MCM complex can be rationalized by comparison to the F1-ATPase. We propose that single mu- 
